With an internal reference, the (Na + ,es − ) ion pair, ε=2.4×10 4 M −1 cm −1 at 890 nm in THF, 4 the extinction coefficients (ε) of benzophenone radical anions (BPhO •− ) and oligofluorene radical anions (Fn •− ,n=1-4) were estimated. Here es − is the solvated electron. 10 mM of sodium tetraphenylborate (NaBPh4) was employed to provide ~938 μM of free Na + to form (Na + ,es − ) ion pair with a rate constant, 7.90×10 11 M −1 s −1 . 4 With the dissociation equilibrium constant of NaBPh4, 8.52×10 −5 M, in THF at 298 K, 5 the concentration of free Na + is calculated. The lifetime of (Na + ,es − ) ion pairs is ~2 μs 4 so es − could attach to BPhO and Fn(n=1-4) before recombination of es − with solvated protons and THF radical cation. The free Na + also extends the lifetimes of BPhO •− and Fn •− (n=1-4) so [BPhO •− ] and [Fn •− (n=1-4)] are almost identical to the concentration of (Na + ,es − ) ion pairs after the electrons completely transfer from (Na + ,es − ) ion pairs to during the observation time period.
.1 In THF solutions 10 mM of sodium tetraphenylborate (NaBPh4) kinetic traces of (Na + ,es − ) ion pairs (Red) shows that the lifetime of (Na + ,es − ) ion pairs is ~2 μs. With addition of 0.5 mM of benzophenone (BPhO) (Na + ,es − ) decays faster to produce (Na + ,BPhO •− ).
The presence of Na + may shift the absorption bands of radical anions in THF. Transient spectra of BPhO •− with and without NaBPh4 in THF shown in Figure S1 .2 demonstrate that Na + shifts the absorption band of BPhO •− from 800 to 700 nm in THF. The oscillator strengths (f) of BPhO •with and without NaBPh4 from 600 to 1000 nm are 0.4176 and 0.4817. This suggests that these two absorption spectra are contributed by the same absorption band of BPhO •− . Therefore, the ε of BPhO •− at 800 and (BPhO •− ,Na + ) at 700 nm are very similar. With the method for estimating the ε of BPhO •− , the ε of Fn •− (n=1-4) were estimated in 0.5, 0.4, 0.3, 0.2, and 0.2 mM of Fn(n=1-4) solutions; the results are given in Table 1 . Comparing absorption spectra of Fn •− (n=1-4) given in Figure 3 to theose of Fn •− (n=1-4) in NaBPh4 solutions shown in Figure S1 .2b that show no obvious absorption band shift at observation wavelengths of Fn •− (n=1-4) in the presence of Na + . Figure S2 . Kinetic traces after pulse radiolysis of 1-methylpyrene (MePy) at the 490 nm peak of MePy •− and the 400 nm peak of MePyH • (a) with 10 mM bis(trifluoromethane)sulfonimide (BTFSI) with MePy, and (b) MePy only in THF. The purpose of BTFSI is to quickly (<25 ns) protonate MePy •− to form MePyH • . Because of this fast protonation nearly all MePy •− were protonated to become MePyH • . With this assumption and the extinction coefficients of MePy •− at 490 nm, 4.87(±0.29)×10 4 M −1 cm −1 from Figure S5 , we estimated the extinction coefficient of MePyH • at 400 nm in THF to be 2.20(±0.13)×10 4 M −1 cm −1 . Based on these two extinction coefficients, the estimated yield of the geminate proton transfer (PT) reaction (Reaction 4b) seen in (b) is 0.86±0.12. This yield implies that in geminate recombination decay of the anions is likely due to the PT reaction with little contribution from electron transfer from MePy •− to the solvated proton. Figure S3 . (a) Transient absorption spectra and (b) kinetic traces of F2H • and F2 •− in THF solution with 8.4 mM of F2 and 1 mM of HCl. The protonation of F2 •− by HCl is slow, and F2H • mainly absorbs at 440 nm. At 440 nm the extinction coefficient of F2H • is barely larger than that of F2 •− , but growth can be observed during the most rapid part of the reaction.
Figure S4
Kinetic traces of biphenyl (BP) with and without 1-methylpyrene (MePy) in 10 mM of tetrabutylammonium hexafluorophosphate (TBAPF6) solutions. With the assumption that in the solution of BP + MePy, the conecntrations of BP •− and MePy •− are similar after 500 ns. Based on the extinction coefficient of BP •− , 1.26(±0.07)×10 4 M −1 cm −1 at 650 nm, 6 the estimated extinction coefficient of MePy •− is 4.87(±0.29)×10 4 M −1 cm −1 at 490 nm. The kinetic trace of BP shows that TBAPF6 enlogates the lifetime of BP •− to >1 μs, and the kinetic trace of BP with MePy at 650 nm show that the electrons completely transfer from BP •− to MePy within 400 ns.
Section S5. Estimation of the G Values
In radiation chemistry, the product yield is reported as the G value, which is expressed as the number of species form per joule of energy absorbed by the sample (mol/J). Based on the linear energy transfer model, 7 ) .
2.30×10 4 7.90×10 3 0.8892 1.0075 a From Section S1 of the Support Information.
Kinetic traces of 50, 100, and 200 mM of BPhO at 760 nm in THF were collected pulse radiolysis using the optical fiber single shot detection system, which is described elsewhere, 10 and by transient digitalizer methods are shown in Figure S6 .1. These data indicate that the number of step captured electrons is increased with increasing concentration. Details of estimation are in section S6. Table S5 .2 shows that by the electro attachment, highly concentrated BPhO capture electrons within 300 ps, and the difference of yield between 50 and 200 mM is 20%. Figure S6 .1a shows that yields of BPhO •− are almost identical after 1 ns, which suggest annihilation of BPhO •− is diffusion-limited. These results also signal that the free ion yield in THF is not concentration-dependent. From data shown in Figure S5 .1a, averaged Gfi values of BPhO •in THF are 77.8(±4.9) nmol/J. By Equation S6.1 with parameters given in Table S5 .1, and Astd(t), ABPhO(t) given in Table S5 . 
Section S6. Estimation of the Captured Fractions of the Electrons
The electrons created by the pulse radiolysis method can be captured by the "step capture" process and electron attachment. The step captured fraction of the electrons (Fsc) can be estimated by: [11] [12] where [s] is the concentration, and q is the quencher coefficient. The q values of BPhO and Fn (n=2-4) are given in Table S6 .1. Fsc is the fraction of solvated electrons (es -) are the surviving from the step capture and solvated by solvent molecules. In other words, the esfraction of the electrons is 1−Fsc. Kinetic trace of esin THF shown in Figure S6 .1 indicate that ~75% of esdecay geminately with rate 9.70×10 8 s −1 (kgd) and ~25% of esdecay homogenously with rate 1.95×10 6 s −1 (khd). The capture esfraction of the electrons (Fs) are estimated by:
where katt is the attachment rate constant. The katt of BPhO and Fn (n=2-4) are given in Table  S7 .1. The fractions of captured electrons of BPhO with different concentrations and Fn (n=2-4) are given in Table S6 .1. c Benzophenone and biphenyl are similar in the molecular size so we use the value of q from measurement on biphenyl 6 in THF for benzophenone. d q=nqrp. Here n is the length in the repeat units, qrp=6.9 M −1 is the quenching coefficient per repeat-unit concentration from our previous work. 14 e Obtained by observing decay of solvated electrons in THF solution directly. show that 3 FA * absorbance is 5.5% of initial FA •absorbance at 450 nm in THF. The reduction potentials of FA 15 and FN 15 are −1.78 and −1.3 V (vs. SCE), so electrons will transfer from FA •− to FN with a diffusion-limited electron transfer rate (kET), ~1.0×10 10 s −1 . 3 FA * has absorption at 450 nm with a decay rate (kd), 2.0×10 6 s −1 . 16 Therefore, decay of the kinetic trace of FA with FN (green), which is faster than the kt, is due to electron transfer from FA •to fumaronitrile. The initial absorbance (t=0) of 3 FA * is extrapolated from data of FA with FN by a two-exponential function, ET exp(− ET ) + t exp (− d ). Here AET and At are the absorbances. Based on this extrapolation and the initial absorbance, we estimate the ratio between absorbance of FA •and 3 FA * .
Figure S9
Kinetic traces of F2 with and without p-dicyanobenzene (DCNB) show that 3 F2 * absorbance is 7.1% of initial F2 absorbance at 530 nm in THF. The inset is the absorption spectrum of 3 F2 * in p-xylene. Based on that the reported reduction potential, E 0 (M 0/− ), of F2 and DCNB are −2.33 17 and −1.52 V vs. SCE, 18 the electrons will transfer from F2 •− to DCNB with a diffusion-limited electron transfer rate (kET), ~1.0×10 10 s −1 . Therefore, the only species absorbing light is 3 F2 * after electron transfer complete. The initial absorbance (t=0) of 3 F2 * is extrapolated from data of F2 with DCNB by a two-exponential function. Based on this extrapolation and the initial absorbance of F2, we estimate the absorbance ratio between F2 •and 3 F2 * .
Figure S10
Kinetic traces 20 mM F3 in THF solution at the 570 nm maximum of F3 •and at the 650 nm maximum of 3 F3 * . 3 F3 * shows no decay on this time scale. The inset is the absorption spectrum of 3 F3 * in p-xylene, from which A570/A650 is 0.21, where Aλ is the absorbance at wavelength λ. Based on this absorbance ratio, ~3.3% of the initial absorbance at 570 nm is contributed by 3 F3 * .
Figure S11
Kinetic Trances of F4 •and 3 F4 * are collected at 580 nm and 710 nm in THF soulution with [F4]=20 mM. The inset is absorption spectrum of 3 F4 * in p-xylene, which shows that A580/A710 is 0.17, where Aλ is the absorbance at wavelength λ nm. Based on this absorbance ratio, we estimate that ~3% of initial absorbance at 580 nm is contributed by 3 F4 * .
Figure S12
Transient spectra of 2,3-dichloro-5,6-dicyano-p-benzoquinone radical anion (DDQ •− ) in THF with [DDQ]=50 mM. At 5 ns DDQ •− has a peak at 600 nm that appears to shift to ~590 nm at 1 μs. This may be due to an impurity reacts with free DDQ •that may interfere our obervations to the free ion yield. We calculated the ΔG 5 0 by using the reduction potential (E 0 (M 0/− ) vs. SCE) of the solute molecule measured by the electrochemistry substrating the Fermi level of the reference electrode. Reported E 0 (M 0/− ) are given in Table S16 .1, and the Fermi level of SCE is −4.71 eV. 19 The ΔG 7 0 in gas phase is −13.61 eV reported by Wagman and coworkers. 20 The protonated atom (PA) is the atom for which the MH • created by proton transfer has the lowest energy based on single point energy computations. c Based on E 0 (CNTP 0/− )−E 0 (AO 0/− )=0.122±14 mV measured by the bimolecular electron transfer equilibria method and E 0 (AO 0/− )=−1.96 V vs. SCE given in Table 3 , we estimated the E 0 (CNTP 0/− ). Here CNTP and AO are the abbreviations of 4-cyano-4'-n-pentyl-p-terphenyl and acetophenone. footnotes continnuted on the next page. i E 0 (M 0/− ) vs. Hg pool (−0.55 V vs. SCE) 22 in DMF with tetra-n-butylammonium iodide (TBAI). j E 0 (M 0/− ) vs. Ag/AgNO3 in DMF converted to vs. SCE with the differences between biphenyl (BP) and p-/o-terphenyls from Ref. 23 and E 0 (BP 0/− )=−2.05 V vs. Hg pool. 22 k E 0 (T3 0/− ) vs. Ag/AgCl (−0.045 V vs. SCE) 31 was measured in dimethylamine (DMA) with tetra-n-butylammonium bromide (TBABr). Here T3 is the abbreviation of terthiophene. Because the dielectric constants of DMA and THF are close, E 0 (T3 0/− ) in these two solvents are assuming to be close. l With E 0 (FBz 0/− )−E 0 (Bz 0/− )=0.173 V in THF from Ref. 25 26 which three are vs. CoCp2 +/0 , and E 0 (Fc 0/+ )=0.56 V 33 vs. SCE. Here CoCp2, TBAPF6, Fc, DNB, and AQ are the abbreviations of ccobaltocene, tetra-n-butylammonium hexafluorophosphate, ferrocene, pdinitrobenzene, and anthraquinone. n Reported E 0 (M 0/− ) vs. SCE in DMF with tetra-n-butylammonium tetrafluoroborate. o Reported E 0 (M 0/− ) vs. SCE in DMF with TBAI. p Reported E 0 (M 0/− ) vs. SCE in DMF with tetra-n-butylammonium perchlorate. q E 0 (M 0/− ) in THF may be ~0.11-0.15 V more negative than E 0 (M 0/− ) in DMF. 26, 33 Method Selection. Restricted-open MP2 (ROMP2) was selected to calculate the ΔG 0 of Reactions 6 and 8. For benzene, an experimental value of ΔG 0 of Reaction 8 in gas phase from falsh photolysis is −0.67 eV. 34 We are not aware of reports of the ΔG 0 of reaction 8 for other molecules. Therefore, we used benzene as a reference to selecte the computation method. Computation results from ROMP2, HF, B3LYP, and long-range corrected ωB97x (ω=0.3 Bohr −1 ) with 6-31G(d) basis set, and G3 are in Table S15.2. From this table, ROMP2 gave the best agreement with the experiment is different by 0.17 eV. To overcome difficulty in optimizing geometry by ROMP2 (In Gaussian 09 D.1, ROMP2 is only capable of optimizing a molecule with less than 60 internal coordinates), a compromise is that the geometry optimized by B3LYP then the single point energy computed by ROMP2. Solvated Proton Dissociation. The ΔG 0 of Reaction 6 was calculated by ROMP2 with the following procedures. Geometry of the solvated proton was optimized by B3LYP with the PCM solvation model in THF and corrections for the basis set superposition error (BSSE). Because the solvated proton is a weakly bound molecular complex, its computed geometry may be affected by BSSE leading to an artificial shortening of intermolecular distance. With this optimized geometry, the single point energy (SPE) was calculated by MP2, and the solvation energy is difference of the SPE calculated by B3LYP with and without the PCM solvation model in THF.
The solvated proton complex may contain one 7 , two or more THF molecules. For most PT reactions, the complex where one proton stabilized by two THF molecules makes most PT reactions endoergic in disagreement with our observations that show occurrence of the PT reactions. While this disagreement may be related to errors in the calculated quantities, we utilize calculated ∆G6 0 =10.643 eV for the complex in which one THF molecule stabilizes the proton. Possible structures of solvated proton complexes where the proton is stabilized by one and two THF molecules are shown in Figure S15 .1. Hydrogen Atom Addition. ∆G8 0 was calculated by the following processes. Geometries and solvation energies of neutral and protonated molecules were optimized by B3LYP with the PCM solvation model in THF. Single point energies were then computed by restricted open MP2 in gas phase. The calculation results for the molecules studied here are given in Table  S15 .3. Details of estimating uncertainty for the calculated ∆G8 0 are the following paragraphs.
In water, the proton transfer reaction (reaction 4a) will be M •− + H3O + → MH • + H2O (S16.1) which is in the opposite reaction direction of the acid dissociation reaction of MH • in water.
Here MH • is a neutral radical and M •is radical anion. Therefore, the standard free energy change (∆G 0 ) of Reaction S16.1 can be estimated based on the pKa in water. Again, we sepearated reaction S16.1 into four half-reactions as reactions 5-8, but the reaction 6 is replaced by H3O + (liq) → H2O(liq) + H + (gas) (S16.2) ∆G 0 of reaction S16.1 is estimated by the reduction potentials E 0 (M 0/− ) minus the Fermi energy on the reference electrode in liquid state, −4.71 eV 19 for SCE. The proton affinity of water is 7.229 eV reported by Collyer and McMahon, 35 and the solvation energies of H3O + and H2O in water are −4.490 and −0.274 eV. 36 Based on these values, ∆G 0 of reaction S15.2 is 11.445 eV.
Based on the reported pKa and E 0 (M 0/− ), ΔG 0 of reaction 8 (ΔG8 0 ) can be estimated by: where kB is the Boltzmann constant, and T is temperature. Based on the pKa's and E 0 (M 0/− ) given in Table S15.3, by Equation S4 .3, the ΔG8 0 of AQ, AO, and BPhO in water can be calculated. The ΔG8 0 of AQ, AO, and BPhO in water based on the experimental results and computations are in Table 16 .3; Figure 16 .1 shows a plot of the relative position of the ΔG8 0 in water for these molecules. This plot shows that the experimental and calculated ΔG8 0 differences from one molecule to another molecule are within 200 meV, but the computed values are more positive than the experimental values by an average of +0.9 eV. Electron Transfer Reaction. We also separated the electron transfer reaction (Reaction 4b) into two half-reactions:
( )
The ΔG 0 of the electron transfer reaction is the sum of the ΔG 0 of reactions 5 and S16.4; the calculation results are in Table 16 .4. Again, the ΔG5 0 is estimated based on the reduction potentials give in Table 3 . The ΔG 0 of reaction S16.4 was computed by MP2/6-31G(d) with the geometry optimized by B3LYP/6-31G(d) in the PCM solvation model for THF and corrections for the BSSE. The ΔG 0 of reaction S16.4 are −1.674 and −2.970 eV for the solvated proton stabilized by one and two THF molecules, respectively. The calculation results are given in Table S15 .4. In THF, a possible structure of the solvated proton is that the proton solvated by two THF, H + (THF)2. Based on the calculation results for H + (THF)2, the electron transfer reaction (Reaction 4b) may be endoergic. This result implies that annihilation of anions in THF is possibly due to the proton transfer reaction (Reaction 4a). Here D is the mutual diffusion coefficient between the anion and cation, rc=7.3 nm is the Onsager radius. We estimate the mutual diffusion coefficient with the self-diffusion coefficient of THF (3.0×10 −5 cm 2 /s) 2 and diffusion coefficient of benzophenone (1.65×10 −5 cm 2 /s). 3 Figure S20 . Decay of transient absorption from 200 mM of benzophenone in THF compared with the function of Van den Ende and coworkers 1 (eq. 9), W(τ)=(1+0.6 τ -0.6 ) and τ=Dt/rc 2 . The solid red line is geminate decay according to eq. 9 plus a homogeneously decaying fraction described by a single exponential, Ah exp(−kht) fit to the data; D=4.6×10 −5 cm 2 /s, rc=7.6 nm, kh=5.31×10 5 s −1 , and Ah=0.01. The dashed red line is the homogeneous fraction only. The arrow at t=600 ps is the time after which eq 9 was found to be applicable in CCl4. The data at earlier times depart substantially, but substantial differences remain also a longer times. 
Figure S22
Plots of the measured proton transfer rate (kPT') vs. the estimated standard free energy change (ΔG 0 ) for the proton transfer reaction for (a) C protonated, and (b) N and O protonated molecules. kMPT for the N and O protonated molecules are all lower limits, except for TCNE, which is an upper limit. The lower arror means that no occurrence of the proton transfer.
